A new multiresidue method is described for the determination of pesticides in honey. The method involves dissolution of the honey in a methanolwater mixture, followed by solid-phase extraction cleanup and gas chromatographic determination. Twenty-six pesticides used on flowering field crops, on flowering fruit and vegetables, or as acaricides to control Varroa jacobsoni in beehives are determined by the method. Recoveries from honey, spiked at 0.02-1.6 mg/kg, ranged from 85 to 127% with a relative standard deviation (RSD) of 2-16%, except for the RSD of 27% for captan at 0.05 mg/kg.
T he National Food dministration (NFA) has been responsible for Swedish pesticide control in fruits and vegetables for many years. However, honey has not been included in this monitoring. In 1999, the countries in the European Union (EU) agreed to make national plans to monitor possible pesticide residues in honey produced in their countries. The method described in this paper was developed during 1999 for use in Swedish monitoring.
The pesticides covered by the method are mainly insecticides, fungicides, and acaricides that can be expected to be used on flowering field crops, on flowering fruits and vegetables, or as pesticides to control Varroa jacobsoni in beehives. Because no maximum residue levels (MRLs) have been established for pesticides in honey in Sweden, the aim was to develop a method with limits of quantitation (LOQ) corresponding to the MRLs established for pesticides in fruits and vegetables.
Most methods reported for pesticide residues in honey were tested for only a few pesticides (1) (2) (3) . Nonpolar solvents like hexane are usually used for extraction after the honey is dissolved in water (1), in acetonitrile-water (2, 4) , or in methanol-water (3) .
Besides liquid/liquid partitioning, solid-phase extraction (SPE) cleanup, mostly on Florisil (2, 4, 5) or C 18 columns (3) , is sometimes used for further purification of the extract before determination by gas chromatography (GC) or liquid chromatography (LC). Jimenez et al. (5) reported high matrix effects with the use of SPE. The differences between signals for matrix-matched standards and signals for the solvent standard were reported to range from 90 to >1000%. The highest matrix effects were reported for the lowest spiking level.
During the past few years, new polymeric-based sorbents for SPE columns have been developed. ENV+, a polystyrene-divinylbenzene sorbent, has been used in analyses for pesticides in waters having a broad range of polarity (6) .
Twenty-six pesticides, 6 of which are pyrethrin constituents, were incorporated in the multiresidue method described here. The method involves dissolving honey in methanolwater (70 + 30). The total volume of the solution is measured, and an aliquot is transferred to an SPE column (ENV+). The column is then rinsed with methanol-water (70 + 30), and the column is dried with nitrogen. The pesticides are eluted with ethyl acetate, and determined on 2 dual-column gas chromatographs, one equipped with 2 electron-capture detectors, and the other equipped with a pulsed flame photometric detector and a thermoionic-specific detector. 
Experimental

Apparatus
Materials and Reagents
Standard Solutions
Three intermediate standard solutions of pesticide mixtures with different GC retention times were prepared. One mixture contained nitrogen and phosphorus pesticides, and 2 contained pesticides amenable to ECD. The concentration of the pesticides ranged from 4 to 40 µg/mL acetone (400 times the concentration of the lowest working standard). These intermediate standards were used for spiking honey and for preparing the working standards, except those of the lowest concentrations, which were prepared by first diluting the intermediate standards by a factor of 10 with acetone.
Working standards were prepared in pure solvent, ethyl acetate, or ethyl acetate-cyclohexane (1 + 1), as well as in honey blank as matrix standards. All recoveries were determined by using matrix-matched standards.
Preparation of Spiked Samples
A 60-500 µL aliquot of intermediate standard solution (4-40 µg/mL acetone) was added to 12 g honey in an Erlenmeyer flask. The spiked sample was set aside for 30-60 min at room temperature to let the acetone evaporate before extraction.
Extraction
About 12 g honey or spiked honey at room temperature was weighed into a 100 mL wide-neck Erlenmeyer flask, and 40 mL methanol-water (70 + 30) was added. The contents of the flask were mixed by using an Ultra-Turrax homogenizer for about 1 min, and then by using a magnetic stirrer for about 10 minutes until the honey was completely dissolved. The total volume of honey mixture, about 47 mL, was recorded.
Cleanup
A 5.0 mL aliquot of the honey solution was transferred to an SPE column (ENV+) preconditioned with 2 mL ethyl acetate, 2 mL acetone, and 5 mL methanol-water (70 + 30). The column was rinsed with 2 mL methanol-water (70 + 30) before it was dried to complete dryness by a flow of nitrogen (at ca 0.1 bar) through the column. The column was connected to the nitrogen cylinder by silicone tubing. The nitrogen flow through the column was about 500 mL/min.
The pesticides were eluted with 3.0 mL ethyl acetate. All solvents were allowed to pass through the SPE column without suction.
GC Analysis
A 2 µL aliquot of extract was injected into 2 dual-column gas chromatographs, one equipped with 2 electron-capture detectors and the other equipped with a pulsed flame photometric detector and a thermoionic-specific detector. Both gas chromatographs were equipped with CP-Sil-8CB and CPSil-19CB columns.
Additional Method Using Ethyl Acetate Extraction
Recoveries of trichlorfon, dimethoate, and pirimicarb were low when the ENV+ method was used (Table 1 ). An alternative method was developed for these pesticides. This method is an adaptation of the multiresidue method for fruits and vegetables used in Sweden (7).
About 20 g honey was dissolved in 20 mL water by using an Ultra-Turrax homogenizer and a shaker, and the solution was extracted with 100 mL ethyl acetate in the presence of 30 g sodium sulfate, also by using the Ultra-Turrax homogenizer. The extract was filtered through a glass fiber filter and dried with sodium sulfate. As much extract as possible, about 60-75 mL, was evaporated to about 1 mL before dilution with ethyl acetate to 2.5 mL and with cyclohexane to 5.0 mL. A 1 mL aliquot of this extract, equivalent to ca 2.6 g honey/ mL, was purified on a gel permeation column (BioBeads S-X3, 200-400 mesh, Bio-Rad Laboratories, Hercules, CA) with ethyl acetate-cyclohexane (1 + 1) as the mobile phase. The pesticide fraction (22 mL) was evaporated to 1 mL and diluted to 3.0 mL with ethyl acetate-cyclohexane (1 + 1) before injection into the gas chromatograph. The final solution was equivalent ca 0.9 g honey/mL. This method gives good recoveries for trichlorfon, dimethoate, and pirimicarb (Table  1) , but it is more labor intensive than the ENV+ method.
Results and Discussion
Method Development SPE column.-New polymeric-based sorbents like ENV+ and OASIS™ (HLB 3 cc, 60 mg, Waters) have attracted in- terest in recent years mainly because their retention is not too strong for basic and very polar compounds.
Both OASIS and ENV+ were tested for cleanup and recovery of some of the pesticides included in the method described here. The 2 sorbents gave about the same purification and also the same recoveries for the 10 pesticides tested that were of medium polarity or nonpolar. However, ENV+ was chosen as the SPE column for future work, because this sorbent changes color when it becomes dry, so it is easy to see when the column is dry. This is important because the method involves a change of solvent from methanol-water to ethyl acetate. ENV+ has also been used in our laboratory for multiresidue analysis for pesticides in water for a couple of years with good results (6) .
Solvents for ENV+.-An important factor in the use of SPE columns is how strong the eluants used for sample introduction and for rinsing should be. To find the most suitable methanol concentration, standards in different methanol-water mixtures were loaded onto the ENV+ column.
When the standard was dissolved in pure methanol, some loss of the pesticides tested was observed, but loss did not occur if the methanol concentration was lower. The most water-soluble pesticides were not included in this test.
Extraction of honey spiked with the same pesticides, using methanol-water (50 + 50), was compared with extraction using methanol-water (70 + 30). The recoveries of 86-110% were comparable for both methanol concentrations, but there were more interfering peaks in chromatograms of the extracts obtained with methanol-water (50 + 50). In both cases, the SPE column was washed with the same solvent that was used for extraction and eluted with ethyl acetate.
In the following work, methanol-water (70+30) was used for extraction, and the extracts loaded onto the ENV+ had the same methanol concentration.
Drying of SPE column.-Unless the column is completely dried with nitrogen before elution with ethyl acetate, the remaining water will also elute, and this can deactivate the GC column. However, drying the SPE column for too long can cause pesticide losses. Sensitivity to prolonged drying was tested for some of the pesticides ( Table 2 ). The columns were dried for a total of 75 min, but they were visually dry within 30 min. Losses of pesticides eluting early from the GC column will occur if nitrogen is allowed to pass through the ENV+ column for too long after it has become dry. GC analysis.- Figure 1 shows a typical ECD chromatogram obtained for a honey sample spiked with some of the pesticides together with an ECD chromatogram of the corresponding blank. The chromatograms were obtained after methanol-water extraction and ENV+ cleanup, both at 0.43 g/mL ethyl acetate. The GC column was CP-Sil-8CB, connected to an electron-capture detector.
The first pesticide eluted was gamma-HCH (6.9 min), followed by parathion (9.5 min). Some matrix peaks appeared during the first 7-8 min with ECD, especially with CP-Sil-8CB, which might interfere with gamma-HCH. CP-Sil-19CB is usually a better column for gamma-HCH.
The chromatograms obtained with TSD or PFPD contained very few additional peaks. Figure 2 shows chromatograms obtained with TSD and a GC column of CP-Sil-19CB. Trichlorfon appears as a peak at 5.20 min in the chromatograms of the ethyl acetate extract ( Figure 2B ) but not in the chromatogram of the methanol-water extract ( Figure  2A ), because it is recovered only in the ethyl acetate extraction.
Matrix effect.-The matrix effect, expressed as the difference between the signal from the pesticide in the matrix and the signal from the pesticide in the solvent, was found to range from 90 to 200% except for captan for which the effect was ca 30%. All measurements were performed at the lowest spiking concentration. The same matrix effect was found for extracts from both methods and also for honey from different producers. All recoveries were determined by using matrixmatched standards. Table 1 for identification of peaks.
Recovery and Precision
A total of 29 pesticides in 24 different products were included in the study. One of the products, pyrethrins, is a mixture of 6 naturally occurring insecticides. Of the pesticides, 26 gave good recoveries, 85-127%, with low RSDs (Table  1) . Only the most water-soluble pesticides (trichlorfon, 120 000 mg/L; dimethoate, 23 000 mg/L; and pirimicarb, 3000 mg/L water) gave lower recoveries. The recoveries of these pesticides could possibly be improved by diluting the methanol-water extract with water before transferring it to the ENV+ column. The pesticides would then interact more strongly with the sorbent.
Conclusions
A multiresidue method was developed for pesticides in honey. The method involves dissolving the honey in methanol-water and using an SPE column (ENV+) for cleanup, followed by GC. It is a quick and straightforward method that gives good recoveries of all the pesticides tested except the most polar ones. ENV+ seems to be a very versatile sorbent when used in pesticide analysis.
